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a  b  s  t  r  a  c  t
Female  participants  have  been  underrepresented  in  previous  structural  magnetic  resonance  imaging
reports  on attention-deﬁcit/hyperactivity  disorder  (ADHD).  In this  study,  we  used  optimized  voxel-
based  morphometry  to examine  grey  matter  volumes  in a sample  of 33  never-medicated  children  with
combined-type  ADHD  and  27  typically  developing  (TD)  children.  We  found  a gender-by-diagnosis  inter-
action  effect  in the  ventral  anterior  cingulate  cortex  (ACC),  whereby  boys  with  ADHD  exhibited  reduced
volumes  compared  with  TD  boys,  while  girls  with  ADHD  showed  increased  volumes  when  comparedeywords:
ttention deﬁcit/hyperactivity disorder
ADHD)
nterior cingulate cortex
ender
RI
with  TD  girls.  Considering  the  key  role  played  by  the ventral  ACC  in  emotional  regulation,  we discuss  the
potential  contribution  of these  alterations  to gender-speciﬁc  symptoms’  proﬁles  in  ADHD.
© 2015  The  Authors.  Published  by Elsevier  Ltd.  This  is an  open  access  article  under  the  CC  BY-NC-ND
license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).motion regulation
. Introduction
Attention-deﬁcit/hyperactivity disorder (ADHD) is the most
ommon neurodevelopmental disorder in children and adoles-
ent, with a worldwide prevalence rate between 5.3% and 7.1%
Polanczyk et al., 2007). Research on gender differences in ADHD
uggests a male-to-female ratio of 3:1 in population-based studies
Gaub and Carlson, 1997; Barkley, 2006), and between 5:1–9:1 in
linical samples (Gaub and Carlson, 1997; Sandberg, 2002). Girls
ave been underrepresented in past studies on ADHD (Mahone
∗ Corresponding author at: équipe Gorwood, Centre Psychiatrie et Neurosciences,
 ter rue d’Alésia, 75014 Paris, France. Tel.: +33 0661 572 037;
ax: +33 0145 807 293.
E-mail address: t.villemonteix@gmail.com (T. Villemonteix).
ttp://dx.doi.org/10.1016/j.dcn.2015.06.001
878-9293/© 2015 The Authors. Published by Elsevier Ltd. This is an open access article 
/).and Wodka, 2008), probably due to the predominance of male
subjects in clinical settings (Ramtekkar et al., 2010). Females with
ADHD have fewer hyperactive/impulsive symptoms, more inatten-
tive symptoms, present more commonly with the predominantly
inattentive subtype and tend to be underdiagnosed when com-
pared to boys with ADHD (Gaub and Carlson, 1997; Gershon, 2002;
Hinshaw et al., 2006). Higher rates of anxiety, as well as lower rates
of physical aggression and externalizing behaviors have also been
found in girls when compared to boys with ADHD (Levy et al., 2005;
Rucklidge, 2010; Skogli et al., 2013).
Multiple structural magnetic resonance imaging (sMRI) studies
have examined the structural brain correlates of childhood ADHD,
but most of these studies included primarily or exclusively male
participants. Early region-of interest (ROI) sMRI studies conducted
in primarily male samples have revealed multiple regional grey
matter (GM) volume abnormalities in children with ADHD, with the
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.
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ost consistent ﬁndings located in the prefrontal cortex, the right
audate and the cerebellum (Valera et al., 2007). More recent sMRI
tudies have relied on voxel-based morphometry (VBM), a whole
rain, fully automated technique for characterizing regional brain
olume on a voxel-wise basis (Good et al., 2001). In a meta-analysis
ncompassing seven pediatric VBM studies, as well as previous ROI
tudies examining the caudate nuclei volumes, children with ADHD
resented with reduced right globus pallidus, caudate and putamen
olumes when compared with typically developing children (Frodl
nd Skokauskas, 2012).
The generalizability of these sMRI ﬁndings to girls with ADHD
emains to be established. Only one VBM study to date included
 sufﬁcient number of boys and girls to examine gender effects in
DHD (Yang et al., 2008). Authors reported no interaction between
iagnosis and gender, but several potential confounding factors
ere present: the study sample was characterized by a large age
ange (7–17 years), participants presented with various comorbidi-
ies, and most patients were receiving medication treatment. Three
revious ROI structural studies also examined gender-by-diagnosis
nteractions in childhood ADHD (Mahone et al., 2011; Qiu et al.,
009; Dirlikov et al., 2014). Two of these studies were restricted to
he frontal lobe, manually or automatically delimiting functionally
elevant sub regions such as the primary motor cortex, the anterior
ingulate cortex, the premotor region, the orbitofrontal cortex or
he inferior prefrontal cortex (Mahone et al., 2011; Dirlikov et al.,
014). Mahone et al. (2011) reported signiﬁcantly smaller left lat-
ral premotor cortices in girls (but not boys) with ADHD when
ompared with TD participants (Mahone et al., 2011). Dirlikov et al.
2014) found widely distributed reductions of surface area in girls
ith ADHD in the bilateral dorsolateral prefrontal cortex, the left
nferior lateral prefrontal cortex, the right medial prefrontal cortex
nd the right orbitofrontal cortex, while boys with ADHD showed
educed surface area in the right anterior cingulate cortex and in
he left medial prefrontal cortex, when compared with TD children
Dirlikov et al., 2014). The third study examined the volumes of the
audate, putamen and globus pallidus, and reported signiﬁcantly
maller basal ganglia volumes in boys with ADHD when compared
ith TD boys. No volume differences were reported in girls with
DHD when compared with TD girls (Qiu et al., 2009). Finally, in one
revious study restricted to female participants, Castellanos et al.
2001) found no signiﬁcant differences between girls with ADHD
nd TD girls when measuring the volumes of the caudate nucleus,
lobus pallidus, frontal lobe (total volume)) and cerebellum, while
irls with ADHD exhibited decreased grey matter volumes of the
osterior inferior lobule in the cerebellar vermis when compared
o TD girls (Castellanos et al., 2001). This limited number of studies
uggest that girls with ADHD may  not exhibit the structural abnor-
alities of the basal ganglia consistently reported in predominantly
ale ADHD samples (Valera et al., 2007; Nakao et al., 2011; Frodlnd Skokauskas, 2012).
In the present study, we used VBM to compare GM volumes
etween non-comorbid and never-medicated boys and girls with
DHD combined-type and TD boys and girls who did not differ in
able 1
haracteristics of the male and female participants.
Measure TD Boys (n = 13) TD Girls (n = 14) 
Mean SD Mean SD 
Age in years 9.9 1.2 9.7 1.2 
IQa 109.1 10.9 112.7 9.5 
ADHD scoresb N/A N/A 
bbreviations: ADHD, attention-deﬁcit/hyperactivity disorder; IQ, intelligence quotient;
nalyzed using one-way ANOVAs.
a One data missing for each group except ADHD girls.
b ADHD symptoms’ severity as assessed through parents’ ratings with the ADHD Ratingitive Neuroscience 14 (2015) 32–37 33
terms of age and intellectual quotient (IQ). We  hypothesized that
boys with ADHD would exhibit decreased GM volumes in the basal
ganglia when compared with TD boys, while girls with ADHD would
show increased GM volumes in the left lateral premotor cortex
and decreased GM volumes in the posterior inferior lobule of the
cerebellar vermis when compared to TD girls.
2. Material and methods
2.1. Participants
Participants were 33 children with combined-type ADHD (18
boys) and 27 typically developing children (13 boys) aged 7.9–12.9
years (mean (M) = 10.1 years, standard deviation (SD) = 1.3). Chil-
dren with ADHD were recruited from the outpatient clinic in
Erasme Hospital, Université libre de Bruxelles, Belgium. TD partic-
ipants were recruited from local schools in Brussels or via personal
request to professionals working at Erasme Hospital. The two
groups were comparable on age and IQ estimate, as measured
by the age-appropriate Wechsler Abbreviated Scale of Intelligence
(WASI; Wechsler, 1999) (Table 1). Diagnosis for ADHD was based on
clinical features including typical history and behavioural report.
The Kiddie Schedule for Affective Disorders and Schizophrenia
for School Aged Children-Present and Lifetime Version (K-SADS-
PL; Endicott and Spitzer, 1978) was completed at screening for
each participant to establish the diagnosis according to DSM-IV-
R criteria in children with ADHD and to ensure that TD children
presented no psychiatric condition. Symptoms’ severity in children
with ADHD was measured using the ADHD rating scale parent form
(DuPaul et al., 1998).
All participants were right-handed and medication-naïve (had
never taken psychotropic drugs). Exclusion criteria for children
with ADHD and TD children were presence of a psychiatric con-
dition other than ADHD (as assessed by the K-SADS-PL), history of
prematurity, current or past medical or neurological disorder, con-
traindication to MRI, learning disorder and IQ estimate under 85.
Screening for learning disorder was  based on an interview with
parents, history reports and school reports. In suspicious cases,
personal calls were made to teachers and an evaluation was con-
ducted by a speech therapist. All subjects lived with their family
and were attending normal primary schools. The investigation was
carried out in accordance with the Declaration of Helsinki (2013).
Each child and her/his parents gave their written consent to partic-
ipate in this study approved by the Ethics Committee of the Erasme
University Hospital (reference: P2007/332/B40620072950).
2.2. Image acquisition
Participants were scanned using a 3 Tesla Philips Achieva MRI
scanner (Philips Healthcare, Best, The Netherlands) with an 8 chan-
nel SENSE head coil. A high-resolution, 3D T1-weighted structural
scan was  acquired using a sagittal turbo ﬁeld equo sequence with
the following parameters: 160 slices; TR = 1960 ms;  TE = 4.60 ms;
ADHD Boys (n = 18) ADHD Girls (n = 15) p-value
Mean SD Mean SD
10.4 1.6 10.2 1.2 .45
107.4 9.3 103.8 12.1 .15
39.0 1.3 36.9 1.4 .28
 N/A, non applicable; SD, standard deviation; TD, typically developing; Data were
 Scale-IV home version.
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I = 1040 ms;  ﬂip angle = 8◦; ﬁeld of view = 250 mm × 250 mm;
atrix size = 320 × 320; reconstruction interpolated voxel size =
.87 × 0.87 × 1.0 mm.
.3. Behavioural data analyses
For continuous demographic and extracted brain volume data,
roups were compared using independent-sample t-tests and uni-
ariate analysis of variance (ANOVA) using pair-wise comparisons
ith Fisher’s LSD procedure. Demographic data that were categori-
al were analysed using Chi-Square tests. All analyses were carried
ut using the Statistical Package for Social Sciences version 17.0
SPSS Inc., Chicago IL, USA).
.4. Voxel-based morphometry analysis
Data were processed using the Statistical Parametric Map-
ing Software version 8 (SPM8; http://www.ﬁl.ion.ucl.ac.uk/spm/
oftware/spm8; Wellcome Department of Imaging Neuroscience,
ondon, UK) and the VBM8 Toolbox (http://dbm.neuro.uni-jeda.
e/vbm.html) implemented in MATLAB 7.8 (The MathWorks, Nat-
ck, MA,  USA). Because the participants included in this study
onsisted of children, customised tissue probability maps were
reated in the Montreal Neurological Institute (MNI) space for
se with the VBM8 Toolbox. These customised tissue probability
aps were produced using the matched template approach of the
emplate-O-Matic Toolbox for SPM8 with each participant’s age
nd gender as deﬁning variables (Wilke et al., 2008). First, all T1-
eighted images were checked for scanner- and individual-based
rtefacts (e.g. extreme motion). Next, the anterior commissure was
anually indicated on all structural images as the [0, 0, 0 mm]
rigin in the MNI  spatial coordinate system. Individual images
ere then corrected for bias-ﬁeld inhomogeneities, segmented
nd spatially normalised (afﬁne-only transformation) with refer-
nce to customised tissue probability maps. Segmentation accuracy
as visually checked for each participant. Based on individual
egistered grey matter (GM) and white matter (WM)  segmenta-
ions, an average DARTEL (Diffeomorphic Anatomical Registration
hrough Exponentiated Lie Algebra) template of all participants
as created in the MNI  space (Ashburner and Friston, 2000). The
fﬁne-registered GM segments were then warped to this average
emplate using the high-dimensional DARTEL approach and mod-
lated. Crucially, the voxel’s signal intensity values in the grey
atter segments were only multiplied by the non-linear compo-
ent of the registration to account for individual differences in brain
ize (Kurth et al., 2010). Finally, the GM segments were smoothed
sing a 12 × 12 × 12 mm3 full-width-at-half maximal Gaussian ker-
el (Ashburner and Friston, 2000).
For statistics, we examined gender by diagnosis interactions on a
oxel-by-voxel basis through a two-way analysis of variance, with
iagnosis and gender as between subject factors and age and IQ
s covariates of no interest. Cluster-based statistics were used to
ocate signiﬁcant regions based on both their peak value and spatial
xtent after applying an initial cluster deﬁning threshold of p < .001.
ue to structural images displaying local variation in smooth-
ess, a non-stationary cluster extent correction was then applied
hen calculating family-wise error (FWE-cluster) corrected p val-
es (p < .05) using the NS toolbox (Hayasaka et al., 2004; Meisenzahl
t al., 2008; Silver et al., 2011; Cullen et al., 2013). For completeness,
e also report the p-value for a family-wise error correction at the
oxel level (FWE-voxel) (Bennett et al., 2009). Finally, post hoc tests
TD boys vs. boys with ADHD; TD girls vs. girls with ADHD) were
onducted to assess direction of change in regions where signiﬁ-
ant interaction effects were detected (p < .05 with a family-wise
small volume’ correction, in a 20 mm radius sphere centered onitive Neuroscience 14 (2015) 32–37
the coordinate displaying a signiﬁcant gender-by-diagnosis inter-
action).
3. Results
3.1. Demographic characteristics
Gender-based subgroups of children with ADHD and TD children
did not differ signiﬁcantly for age or IQ (Table 1). Analyses revealed
no signiﬁcant differences between children with ADHD and TD
children for age (TD: M = 9.82, SD = 1.2; ADHD: M = 10.3, SD = 1.4;
t = −1.5, p = .13) or IQ (TD: M = 111, SD = 10.3; ADHD: M = 105.7,
SD = 10.7; t = 1.9, p = .07).
3.2. Voxel-based morphometry
3.2.1. Main effect-diagnosis
No signiﬁcant differences were found when comparing children
with ADHD and TD children.
3.2.2. Interaction effects
We  observed a gender-by-diagnosis interaction in the anterior
cingulate cortex (ACC) (ventral subdivision, rostral part) (MNI coor-
dinates: x = 3; y = 35; z = 4; Z-score = 4.18; cluster size = 2613; p = .04
FWE-cluster; p = .09 FWE-voxel; Fig. 1). Underlying this interaction,
girls with ADHD showed increased GM volumes when compared
to TD girls (MNI coordinates: x = 5; y = 39; z = 7; Z-score = 3.24;
cluster size = 148; p = .04 – small volume correction), while boys
with ADHD exhibited decreased volumes when compared to TD
boys (MNI coordinates: x = −2; y = 27; z = 3; Z-score = 3.53; cluster
size = 185; p = .02 – small volume correction).
4. Discussion
To our knowledge, our study is the ﬁrst VBM study to report
a gender-by-diagnosis interaction in individuals with ADHD. The
interaction effect was found in the ventral ACC, where girls with
ADHD showed increased GM volumes when compared to TD girls,
while boys with ADHD exhibited decreased volumes when com-
pared to TD boys. In the only previous VBM study considering
potential gender effects, no interaction between gender and diag-
nosis of ADHD were found, possibly due to the large age range
(7–17 years) of the participants included, spanning different brain
maturational stages (Yang et al., 2008). Our results are, however,
consistent with previous evidence of gender-by-diagnosis inter-
action in structural brain imaging (Mahone et al., 2011; Dirlikov
et al., 2014), electroencephalography (Clarke et al., 2001; Hermens
et al., 2004) and functional brain imaging studies of children with
ADHD (Ernst et al., 1994; Valera et al., 2010). Thus, our data adds
to an increasing number of neuroimaging studies by documenting
opposite alterations in brain structure in boys and girls with ADHD,
possibly underlying gender-related differences in symptomatology
(Hinshaw et al., 2006; Skogli et al., 2013).
Our interaction ﬁnding was located in a large cluster centered in
the ventral ACC (Brodmann areas (b.a.): 24 and 32; pregenual and
subgenual parts). Characterized by a strong anatomical connectiv-
ity with core emotion-processing regions such as the amygdala,
the periaqueductal grey matter and the hippocampus, the ventral
ACC is known to play a key role in top-down emotional regulation
(Etkin et al., 2011). It is involved in the inhibition of conditioned
fear through extinction, in the automatic regulation of emotional
conﬂict, or when self-distracting from a fear-conditioned stimulus
(Bush et al., 2000; Etkin et al., 2011). It is also implicated in the
production of positive emotions, which can serve to regulate and
diminish negative emotions (Etkin et al., 2011).
T. Villemonteix et al. / Developmental Cognitive Neuroscience 14 (2015) 32–37 35
Fig. 1. Statistical Parametric Map  (SPM) showing foci of signiﬁcant interactions between diagnosis and gender (overlaid on a mean structural scan from the 60 participants
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(nd  thresholded at p < .001 uncorrected), with groups’ mean grey matter volume p
luster  in the ACC (MNI coordinates: x = 3; y = 35; z = 4) (TD Boys, n = 13; TD Girls,
ingulate cortex; ADHD, attention-deﬁcit/hyperactivity disorder; GM,  grey matter;
Dysregulation of both positive and negative emotions is recog-
ized as an important feature of ADHD (Sjowall et al., 2013; Shaw
t al., 2014; Villemonteix et al., 2014). However, to date, few sMRI
tudies of childhood ADHD have reported GM volumes alterations
n brain regions supporting emotion processing or its integration
ith cognitive control processes (Carmona et al., 2005; Plessen
t al., 2006; Frodl et al., 2010; Sasayama et al., 2010). In particu-
ar, meta-analyses of VBM studies in children with ADHD did not
etect disorder related- structural abnormalities in the ACC (Nakao
t al., 2011; Frodl and Skokauskas, 2012). Interestingly, though, the
ajority of these studies were carried out in children who  received
edication treatment for ADHD (Nakao et al., 2011; Frodl and
kokauskas, 2012). When treatment was considered as a covari-
te, studies with more untreated children were associated with
ecreased GM volumes in the right ACC (Frodl and Skokauskas,
012). One ROI study also reported that treatment-naïve children
ith ADHD exhibit smaller right ACC volumes compared with
ontrols, whereby this is not the case for treated children (Semrud-
likeman et al., 2006). Exposure to psychostimulants may  therefore
epresent a confounding factor when investigating ADHD related-
M volume alterations in this brain region.
Here, never-medicated girls with ADHD showed increased GM
olumes when compared to TD girls in the ventral ACC, while
ever-medicated boys with ADHD exhibited decreased GM vol-
mes when compared to TD boys. Decreased GM volumes in the
ight ACC have been found in healthy boys exhibiting aggression
nd deﬁance (Boes et al., 2008), and decreased cortical thickness
n the ventral ACC has been associated with increased levels of
ggression in children close to pathological levels of impulsive
ggression (Ducharme et al., 2011). A known genetic risk factor for
mpulsive aggression, the low expression variant of the X-linked
onoamine oxidase A (MAOA) gene, is also known to be associated
ith decreased GM volumes in the ventral ACC (Meyer-Lindenberg
t al., 2006). Based on these ﬁndings, we hypothesize that decreased
M volumes in boys with ADHD may  represent a risk factor for
eveloping externalizing symptoms such as anger outbursts and
mpulsive reactive aggressions (Skogli et al., 2013).On the other hand, larger volumes in the right ACC have been
inked to harm avoidance, a temperamental disposition character-
zed by excessive worrying, pessimism and shyness, in both genders
Pujol et al., 2002). Women, who are known to be at higher risketer estimate (age regressed out, standard-error displayed) within our signiﬁcant
; Boys with ADHD, n = 18; Girls with ADHD, n = 15). Abbreviations: ACC, anterior
pically developing.
for internalizing disorders (McLean et al., 2011), tend to exhibit
larger volumes in the right ACC compared to men (Mann et al.,
2011; Ruigrok et al., 2014). They also recruit more the right ven-
tral ACC during emotional processing (Wrase et al., 2003); a ﬁnding
conﬁrmed in a quantitative meta-analysis of 65 neuroimaging stud-
ies of emotional processing (Wager et al., 2003). Based on these
ﬁndings, it could be hypothesized that increased GM volumes in
the right ventral ACC in girls with ADHD represent a risk factor
for developing internalizing symptoms (Skogli et al., 2013). How-
ever, one must also note that reduced grey matter volumes in the
ventral ACC have been consistently reported in patients suffering
from internalizing disorders such as major depressive disorder or
anxiety disorders, in both genders (Drevets et al., 2008; Van Tol
et al., 2010). More studies in healthy children and adults are there-
fore needed to disentangle the relationships between grey matter
volumes in the ventral ACC, pathological anxiety and temperamen-
tal anxiety. It may  be that increased vs. decreased GM volumes in
the ventral ACC represent both risk factors for anxiety symptoms,
through different pathways (subtending, for example, a tendency
to overthink vs. a lack of conscious integration of negative feelings
(Bassett et al., 2015)); or that decreased GM volumes in the ventral
ACC only appear in adult patients following a long-term history of
depression or anxiety disorder, which would be consistent with the
cortisol neurotoxicity hypothesis (Treadway et al., 2009).
Contrary to our hypotheses, we did not report decreased GM vol-
umes in boys with ADHD when compared with TD boys in the basal
ganglia. ADHD is a heterogeneous condition, involving multiple
causal pathways (Sonuga-Barke and Halperin, 2010). Notably, ﬁnd-
ings from individual sMRI studies have been inconsistent, probably
reﬂecting the neuropsychological and etiological heterogeneity of
the disorder itself (Castellanos et al., 2006). Reduced GM volume
in children with ADHD in the basal ganglia are one of the most
replicated ﬁndings in sMRI studies (Nakao et al., 2011; Frodl and
Skokauskas, 2012), but structural deﬁcits in this region are not
expected to be found in all subgroups of children with ADHD. Here,
the lack of signiﬁcant ﬁnding in the basal ganglia may  also be related
to the characteristics of our ADHD sample, which included boys
with no psychiatric comorbidity, no learning disorder and a mean
IQ of 105.7. Indeed, high-functioning samples presumably exhibit
more subtle brain alterations that may  be difﬁcult to detect at a
corrected statistical thresholding (Seidman et al., 2011).
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Similarly, we did not replicate previous ﬁndings from ROI struc-
ural studies reporting increased GM volumes in the left lateral
remotor cortex, as well as decreased GM volumes in the posterior
nferior lobule of the cerebellar vermis in girls with ADHD when
ompared to TD girls. Comparison between ROI and VBM ﬁndings
an prove to be difﬁcult. Indeed, ROI methods yield a single value for
he volume of the region examined, obtained after averaging sig-
al over the ROI. This signal averaging can cause a dilution of the
easure of the volume difference, especially when this difference
s only present in a limited part of the ROI (Voormolen et al., 2010).
or this reason, VBM has been shown to outperform ROI methods
hen detecting focal differences in morphology (Voormolen et al.,
010). However, theoretically, ROI methods remain superior when
etween-group differences are distributed uniformly over a small
OI, since the ROI analysis at this spatial scale beneﬁts from sub-
tantial signal averaging (Voormolen et al., 2010). Both methods can
herefore provide different types of information and are considered
s complementary (Giuliani et al., 2005).
A limitation of the present study was the sample size of our
D groups. Findings should therefore be considered preliminary
ntil replicated in larger samples. On the other hand, our ADHD
ample presented with a narrow age range and was homogenous,
oth medication-naïve and presenting with no comorbidities.
In conclusion, our study provides novel evidence indicating an
nteraction between diagnosis and gender in ADHD in the ven-
ral ACC. Interestingly, ADHD related-structural alterations in this
rain region were found in a sample non-comorbid for other psy-
hiatric disorders, indicating that changes in regions subserving
motional regulation can be found in ADHD even without any
oncurrent diagnosed emotional disorder. We  suggest that the
ecreased GM volumes found in boys with ADHD in the ventral
CC may  represent a risk factor for developing externalizing symp-
oms, whereas increased GM volumes in girls with ADHD may  be
elated to a temperamental disposition to experience internaliz-
ng symptoms. Despite well characterized differences in symptom’s
roﬁles between boys and girls with ADHD, neuroimaging research
n gender differences in emotional regulation in ADHD is still lack-
ng. Studies relying both on sMRI and fMRI are needed to clarify the
ole of the ventral ACC in ADHD related – emotional dysregulation
ymptomatology.
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